The concentration of trigonelline in dry seeds of fenugreek (Trigonella foenum-graecum) was 29±3 μmol/g fresh weight. Trigonelline occurred in cotyledons and embryonic axes of the seedlings, but it was found mainly in the above-ground parts of the young fenugreek plants. 15 NH 4 + -feeding experiments suggest that the de novo biosynthesis of trigonelline from NH 4 + occurs mainly in roots. Trigonelline, which is formed in roots using inorganic nitrogen, is transported to the stems and accumulates in leaves.
Trigonelline (1-N-methylnicotinic acid, nicotinic acid Nmethylbetaine) is a pyridine alkaloid and accumulates in seeds of coffee, Mirabilis jalapa and some Fabaceae species, while trace amounts occur in many plant species [1] . Trigonelline is formed from nicotinic acid which is produced as a catabolite of NAD.
Two distinct pathways of NAD synthesis, the aspartate and kynurenine (or tryptophan) pathways have been reported [2] . Genomic studies indicate the aspartate pathway is operative in plants, while the kynurenine pathway occurs in animals, fungi and some bacteria [1] . In plants, the nitrogen atom of trigonelline is derived mainly from NH 4 + which is taken up from the soil by roots. The possible biosynthetic pathway of trigonelline de novo in plants is illustrated in Figure 1 . Possible pathway of the de novo trigonelline biosynthesis in plants. NaMN, nicotinic acid mononucleotide; NaAD, nicotinic acid adenine dinucleotide. NAD is catabolized to nicotinamide via at least two routes (direct-and three step-reactions) [1] .
Trigonelline biosynthesis has been demonstrated with feeding experiments using some precursors of trigonelline, namely, [ 3 H]quinolinic acid, [carbonyl- 14 C]nicotinamide and [carboxyl- 14 C]nicotinic acid in cotyledons and embryonic axes of mungbean (Phaseolus aureus) seedlings [6] . The results suggest that the biosynthetic activity of trigonelline is distributed in all parts of the seedlings. However, the site of trigonelline biosynthesis from NH 4 + remains unknown. The present study used fenugreek (Trigonella foenum-graecum), an annual legume forage plant, which is mainly cultivated in the Middle East, Africa and India [3] . Trigonelline was first discovered in seeds of fenugreek [4] .
When methanol-soluble metabolites were analyzed by HPLC, only one major peak corresponding to trigonelline was found. This indicated that trigonelline is a predominant compound in the fenugreek methanol-soluble extracts. Changes in contents of trigonelline in seeds and seedlings during germination are shown in Table 1 . The seeds were imbibed in the dark for 24 h and then left in the light room.
The trigonelline concentration in fenugreek seeds (29 μmol/g FW) is the second highest value among the Fabaceae plants examined by the author and his colleagues. The highest value was reported in clover (58 μmol/g FW) [5] . These values are higher than those for alfalfa (12 μmol/g FW), mungbean (6 μmol/g FW), pea (3 μmol/g FW) and soybean (1 μmol/g FW) [5] .
The seeds of fenugreek were imbibed in the dark for 24 h and then left in the light-room, except for some dark experiments. The concentrations of trigonelline are shown, expressed as μmol per g FW, and content, as nmol per seed or organ. 
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The trigonelline content in dry fenugreek seeds was 480±70 nmol/seed. Although the concentration decreased gradually after imbibition, it is mainly due to the increase in water content. Up to day 2, no significant difference was detected in trigonelline content and its values ranged from 470−490 nmol/seed.
In day 2, seed coats were separated, but trigonelline content in the coats was extremely low and comprised only 2.8% of total trigonelline contents of germinating seeds. The rest was distributed in cotyledons (51.8%) and emerging embryonic (shoot-root) axes (37.8%). Since the total amount of trigonelline was slightly increased, the net biosynthesis of trigonelline using storage compounds was initiated during the first two days.
In days 3 and 6, trigonelline was distributed in cotyledons, shoots and roots of the seedlings. The order of trigonelline content in the day 3 seedlings was cotyledons (46.4%) > shoots (39.8%) > roots (13.8%), while those in day 6 seedling was shoots (50.4%) > cotyledons (35.2%) > roots (14.3%).
In order to know if trigonelline mobilization or biosynthesis was influenced by light, the content was also determined in 3-day-old etiolated seedlings (Table 1) . Total amounts of trigonelline in etiolated seedlings (524 nmol) were similar to light-grown control seedlings (513 nmol). The distribution of trigonelline was slightly different in light-and dark-grown seedlings; the content in the shoots of etiolated seedlings (54.4%) was slightly higher than in the shoots of light-grown seedlings (39.8%). The result suggests that light does not directly influence the mobilization and synthesis of trigonelline. Trigonelline, which is accumulated in cotyledons of dry seeds, seems to be transported to shoot-root axes.
In the preliminary studies, fenugreek seeds were planted on agar with and without nutrient, however, no difference in growth of seedlings was found. Therefore, the seeds use mainly the endogenous compounds that are stored in dry seeds for growth, at least up to the first week (data not shown).
The content of trigonelline in day 28 young fenugreek plants was also determined. It is noteworthy that compared with seedlings, distribution of trigonelline in roots was extremely low; it formed only 2.8% of total contents. The concentrations of trigonelline in leaves, stems and roots were 2.1, 4.4 and 0.3 μmol/gFW, respectively.
In order to examine the de novo biosynthesis of trigonelline, 15 NH 4 NO 3 was used as a precursor and incorporation of 15 N into trigonelline was examined. The data are shown in Figure 2 , expressed as 15 N atom% excess and amount of trigonelline. The 15 N atom% excess was estimated as the difference between 15 N atom% abundance in 15 N-fed and control ( 14 N-fed) samples. The average natural 15 N atom% abundance in fenugreek seedlings was 0.3740 ± 0.0016.
For the day 2 sample, dry fenugreek seeds were incubated in the liquid medium (20 mL) for imbibition of 15 NH 4 NO 3 solution. For samples of 5-to 35-day-old seedlings, the seeds were planted on sterilized agar medium (100 mL) containing MS medium with 15 NH 4 NO 3 in 500 mL conical flasks.
The highest incorporation rate of 15 N into trigonelline was found on day 2 (Figure 2A) . The result indicates that 15 NH 4 + in the liquid medium was efficiently taken up by fenugreek seeds accompanying water imbibition and utilized for trigonelline synthesis. The fact suggests that the germinating seeds potentially possess the de novo biosynthetic activity of trigonelline from the beginning of seed germination, although there was no appreciable net increase in trigonelline content ( Table 1) .
The 15 N-atom% excess observed in the day 5 seedlings was much lower than the value in day 1. This discrepancy is mainly due to the different experimental method; i.e., liquid and agar cultures, but another reason may be caused by the dilution of 15 N-NH 4 + with the endogenous NH 4 + or other precursors of trigonelline biosynthesis which may be produced by the degradation of storage nitrogen compounds, such as protein, accompanied by the progress of germination.
At day 6, 15 N-atom % excess in the above ground part of the seedlings, namely shoot axes, (0.2750) was significantly lower than that in root (0.5100) (Figure 2A) . In contrast, the trigonelline content was much higher in the shoot axes ( Figure 2B ). In the welldeveloped seedlings (day 35), 15 N-atom% excess values in developed cotyledons plus emerged young leaves were 0.4405 and stems 0.2709. However, no significant excess values (<0.0004) were found in roots (Figure 2A) . These results suggest that 15 NH 4 + in the medium was consumed completely during culture. Trigonelline synthesized in roots using 15 NH 4 + may be transported to the leaves and stems.
Trigonelline is synthesized from nicotinic acid, which is provided via nicotinamide by the so-called pyridine nucleotide cycle [1] . Our previous studies indicated that leaves and stems of many plant species are able to synthesize 14 C-trigonelline from either 14 Clabelled nicotinic acid or nicotinamide [5] [6] [7] [8] . Therefore, trigonelline can be synthesized from these precursors in the above-ground parts of fenugreek seedlings. Nevertheless, our results indicate that trigonelline is mainly synthesized from NH 4 + in roots of intact plants and transported to the stem and leaves.
De novo biosynthesis of trigonelline
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Since S-adenosyl-L-methionine dependent nicotinate N-methyltransferase was also found in leaves and cotyledons [1, 6] , it seems to be possible that some of the NH 4 + and/or amino acids, such as aspartate, may be transported to above-ground parts from roots and utilized for trigonelline biosynthesis. To confirm this, more detailed experiments will be requested.
It has been proposed that trigonelline synthesis acts as a detoxification mechanism of harmful nicotinic acid and nicotinamide [1, 6, 9] . Ashihara and Watanabe [10] compared the effect of 1 mM nicotinamide on the endogenous level of trigonelline in some plant species. The effect was greater in the species which do not normally accumulate trigonelline. In these plants, significant trigonelline formation may occur only when nicotinamide is supplied exogenously.
In the present study, the effect of 1 mM nicotinic acid on the fenugreek seedling was examined. However, no significant increase in trigonelline biosynthesis was observed (data not shown). Therefore, in planta function of trigonelline in the trigonellineaccumulating plants including fenugreek is not fully elucidated.
On the site of biosynthesis and mobilization of nitrogen compounds, Deng and Ashihara [11] suggested that the high biosynthetic activity of caffeine from NH 4 + was found in young tea leaves, while the biosynthetic activity of theanine, a unique amino acid in tea, occurs in roots and translocated to leaves. The pattern of biosynthesis and transport of theanine in tea seedlings is similar to that of trigonelline found in fenugreek seedlings in the present study. A similar pattern has also been reported for nicotine in tobacco plants [12] .
Trigonelline was recently reported to be beneficial to human health, having been shown to possess possible hypoglycaemic, neuroprotective, anticancer, estrogenic, and antibacterial activities [1] . Trigonelline is also important as a source of vitamin B 3 (niacin, i.e., nicotinic acid and nicotinamide) [1] . Therefore, trigonellinerich fenugreek seeds and seedlings reported here can be used as a useful vegetable with potential benefits to human health.
Experimental
Plant materials: Seeds of fenugreek (Trigonella foenum-graecum L.) were obtained from Johnsons seeds, Newmarket, Suffolk, UK. For the short-term experiments up to 6 days, seeds were planted on 100 mL agar gel in 500 mL flasks without nutrients. Germinating seeds were used for the determination of trigonelline contents. For the 15 N-tracer experiments, 20 mM 15 NH 4 NO 3 , (10 atom% 15 N, SI Science Corporation, Japan) was added to one-tenth strength Murashige-Skoog basal salt nutrient solution [13] . For the control,
